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Abstract: A model of a device for nondestructive
control by eddy currents has been proposed. The device
and the object under control are represented by an
equivalent circuit in the form of an eectromagnetic
circuit described by the system of differential finite
equations in the coordinates of loop magnetic fluxes and
currents of windings. The model alows us to take into
account three parameters of the defects: depth, width,
and conductivity. The spline method of anaysis of
periodic processesis used to carry out calculation.
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1. Introduction

The eddy current defectoscope is a nondestructive
control device consisting of one or more inductive coils
which are designed for excitation of eddy currents in a
control object. It converts an electromagnetic field,
which depends on the parameters of the object, into an
information sgna of defectoscope. There exist models
of the devices for nondestructive control using eddy
currents method which are based on Maxwell's equations
for monoharmonic processesin terms of magnetic vector
potential [3]. These models are complicated for
engineering calculations of these devices. In this paper
we use the approach proposed in the article [2].

2. Mathematical formulation of the task

This paper deals with a magnetic circular model of
the eddy current defectoscope with a ferromagnetic core
(Fig. 1).

To build the modd we have made the following
assumptions:

1. The magnetic fidd in eementary volumes is
consdered homogeneous, and therefore these volumes in
the schemes are presented as lumped magnetic reluctance.

2. The displacement currents in the windings are
neglected.

3. The temperature effect on
conductivity is neglected.

4. The phenomenon of hystereds (basic magne
tization curve) isnot cons dered.

5. The calculated scheme is presented not as a three-
dimensional but two-dimensional planar grid taking into
account the symmetry of the field.

the dectrica

The domains with defectoscope, the object of
control and the environment around are divided into
elementary volumes in the form of various-sized
cylinders (Fig. 2). The magnetic fluxes trangt through
these volumes in verticad and horizontal directions.
These cylinders represent reluctanceR,,, R,,, of domain
with its vertical and horizontal components of the
magnetic flux.

ReluctanceR,,, R, isdetermined by the following

expressions:

R, = r/gmrbaét‘jda dr g: 2h/(rmgjp (r22 - rf)) ; ()

al l'1 ﬂ

R = gsir/(mmpar) =In(r,/r,)/(mmba ) ;- (2)
where h, a, ry, r, are the geometrical sizes of elementary
volume (Fig. 2); mis the relative magnetic inductivity of
a materid of eementary volume, my stands for the
permeability of vacuum.
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Fig. 1. Eddy current nondestructive testing.

Fig. 2. Elementary volume and its parameters.
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eddy current

Fig. 3. Magnetic circuit diagram.

The studied objects can be made of ferromagnetic
and non ferromagnetic conductive materials, i.e. the
electromagnetic circuit is nonlinear (Fig. 3). Defects in
these objects are approximated by the resistance change
of the respective domain of broken area. This approach
allows you to explore the parameters of defects, namely
their depth, width and conductivity. The depth of the
defect is given by the reluctances R, of the respective
cylinders, which represent the object and its width —
reluctances R ;.

The mathematicad model of nondestructive testing
instrument is formed in the coordinates of loop magnetic
fluxes and currents of windings as a system of
differentia finite equations:

r,U,(F)- wi =0; )

] ' r
WdF  /dt+Ri - u=0; 4)

where: T, is (q” s)” p,, -dimensional second incidence
matrix of the magnetic circuit (here q° s isthe contours
of the magnetic circuit; p,, stands for the branches of
the magnetic circuit); Um(I':)— p,, represents  the
dimensional column vector of the magnetic branches
voltages; F  isthe column vector of the loop magnetic
fluxess W — n" (q” s) stands for the dimensional matrix
of the elementary loops turns of the magnetic circuit;
| = (iy,0,,..d,), represents the column vector of the
defectoscope coils currents and eddy currents
e (u,,0,...0), is the column vector of the voltages of the
solenoid and equivalent windings,
R =diag(R ,R, Y2 R,) istheresistance diagonal matrix.

The modd of nondestructive testing instrument in the
coordinates of the current branches is created by diffe-
rentiating equation (1) with respect to magnetic flux F

r, dU_/dF - W, di /dF =0. ()
From equation (5) the following isreceived

r r r r -1
T, /M =(r9U,/TF T W =RAW,  (6)

where F = le': -
After some transformations we obtain the following
equation (4)

Mdi/dt+Ri - i =0, @)

where M =WIF /Tl =WR:W,; R: is the circuit
matrix of differential magnetic reluctance.

Here is the same equation written in the Cauchy
form

Mdi/dt=0- R, 8)
where U isthe periodic function.

Since we are interested in a stationary mode in this
circuit, it is better to apply the method of calculation
which alows doing thiswithout calculating a transient.

We use the spline method for calculating the
discussed periodic processes.

A solution to equation (8) is a periodic dependence
L(t)=1 (t+T).

Let us draw a n+1 nodes grid a the period T and
obtain n domains. The coordinates of vector | at each of
these domains are approximated by the cubic spline

[(t)=a +b (t-t)+c (t- ) +d (t-1)°, (9

where a,b, ¢, d, are the spline coefficients; i =(1n)
is the number of a domain.

We are usng a regular nodes grid with the step
h=t,-t.

From the structure of cubic spline we can see

i(t)=i =4, (10)
(di/dt), =hb. (11)

Taking into account the conditions of periodicity
a.,=8;b,=h (12)

an algebraic andogue of the system of differentia
equations (6) is obtained as a system of n non-linear
algebraic equations.
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Qa=l (14)
where r!l:(al,K,am)l is the column-vector of al the
currents values in the grid nodes; B, ; are the square
(m” m) matrixes; Q=M (Bn' 8128'212821)- R is the
square (m” m) matrix; m=k>n; k is the number of
currentsin the circuit .

h -7h 0 K 0
0 1h -1%h K 0
B,=[0 0 K K 0/|; (15)
0 K 0 h -1h
0 -%h 0 K ¥h
203 -3 0 K 0
0 -2n3 -W3 K 0
B,=| 0 0 K K o [: (s
0 K 0 -20/3 -h3
0 -h3 0 K -2h3
3h -6/h 3h K 0
0 3h -6h 3h 0
B,=|0 0 K K 0| (@7
0 3h K 3h -6/h
0 -6h 3h K 3h
-h -4h -h K 0
0 -h -4h -h 0
B,=[0 0 K K 0 (18)

0 -h K -h -4h
0 -4h -h K -h

The system of nonlinear algebraic equations (14) has
been solved by Newton's method and the method of
continuation with respect to a parameter

I
Qa¥ =F(a¥), (19)

I
where F(g(k)) =Qa¥ - ell stands for the vector of

residuals of the system (14).

3. An application example

The approbation of the model has been performed
for the eddy current nondestructive testing device and
the object under control with such parameters.

Fig. 4 shows the result of calculation of the current
in the excitation coil.

Table 2 displays changes of the excitation coil
impedance and voltage of the coil under investigation
depending on the location of the defect.

Table 1
The model parameters

Parameter Value Unit of measure
Un 24 Vv
Nex 600 Number of windings
Rex 52,3 w
de 0,003 m
he 0,006 m
0.2
015}
01}
005 |
. A v
.05 |
0.1
"R
R 0.2 04 0.5 08 1
X0
Fig4. Current of the excitation coil.
Table2
Results of calculation
1kHz 10kHz
Dz, DU, mV DZ, DU, mV
w w
Defectinan 022 694.4 90.42 2995
upper layer
Defectina 02176 | 1093 22 36
lower layer
Defectsinall 05657 | 14073 | 2075 659.0
layers
4. Conclusion

The proposed model allows us to optimize the
parameters of a nondestructive testing instrument (its
design, voltage of an excitation coil as a function of
time) for the gain in sengitivity to defects.
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MAT'HITHO-KOJIOBA MOJIEJIb
BUXPOCTPYMOBOI'O
JE®EKTOCKOITA

Opect I'amona, Maprta 'amona, Beeonon I'opsuko

3anpornoHoBaHO MOJEb IPUCTPOI0 HEPYHHIBHOTO
KOHTpOJIIO 32 METO/IOM BHXpOBUX cTpyMiB. [Ipuctpiii i
JOCTIDKYBaHUM 00’ €KT MpPEICTaBJICHI 3aCTYITHOI CXe-
MOI0 y BHIJISJII €JIEKTPOMArHiTHOI'O KOJa, OMHCAHUX
cUCTEMOI An(epeHIiHHO-CKIHIEHUX DPIiBHSHb B KOOp-
JIMHATaX KOHTYPHHX MArHITHHX IIOTOKIB Ta CTPYMIB
00BUTOK. Moziesnb 103BOJIsIE BpaxyBaTH TPU HapameTpu
nedexTiB: TMOMHY, MIMPUHY ¥ mpoBimHicTh. s pos-
paxyHKy BUKOPHCTOBYEThCS CIUIAHH-METOA aHaNi3y
MEPIOANYHUX PEKUMIB.
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